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Abstract 
Since the invention of Laser, it has been extensively used for various medical purposes. So, some 
fundamental aspects of laser-tissue interaction is discussed, that includes how fluence rate varies 
with varying optical parameters, and how temperature distribution occurs within the tissue based 
on this fluence rate. In all laser-tissue interactions, it is imperative to know the tissue 
temperature, which is usually achieved by inserting temperature probes into tissue, but can also 
be calculated by a model for the heating and heat distribution in tissue. This work discusses the 
optical and thermal properties of laser-tissue interaction. For this, a semi-infinite model has been 
proposed to study optical and thermal properties of biological tissues, and optical and thermal 
studies have been done based on the model. Monte-Carlo simulation technique has been used to 
calculate the fluence rate in a laser-irradiated tissue and further, by using the fluence rate 
distribution profile, the heat distribution has been calculated. It has been found that, for lower 
anisotropic coefficient as depth of the laser-tissue interaction site increases, fluence rate also 
increases and simultaneously Tmax is also higher. But, the same is not true for the higher 
anisotropic coefficient and instead of increasing Tmax, it has been found to be decreasing. So, 
depending on the type of tissue to be influenced, the depth and optical parameters can be 
manipulated so as to achieve the desired laser-tissue interaction result with high precision. 
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1.1 Historical review 
LASER is an acronym for Light Amplification by Stimulated Emission of Radiation. Laser 
radiation was first demonstrated by Theodar Maiman in 1960 [1]. Since then it has been 
investigated for its application in many fields. Biologists and physicians have been involved in 
designing new methods in which this special light instrument could be efficiently used in order 
to replace the old conventional techniques, as well as to overcome the inherent limitations of 
classical medical and research techniques. One of the first laser applications includes 
ophthalmology, which was studied by Zaret et al. in 1961, just one year after the invention of the 
laser [2].  
Very soon it was reported that patients with retinal detachment could be treated with laser [3, 4]. 
During the same period, Goldman et al. [5] and Stern and Sognnaes [6] carried out their 
investigation in dentistry. In late 1960’s, laser was introduced to other medical disciplines as 
well. Now-a-days, a huge variety of laser procedures is performed round the globe. Most of them 
come under the name of minimally invasive surgery (MIS), a novel approach of present time 
describing non-contact and bloodless surgical procedures. These two important characteristics 
have promoted the use of laser as scalpel and treatment aid.  
Careful judgment of new developments is always appropriate, and not every laser-induced cure 
can be taken as granted until it is reconfirmed by independent studies. For instance, heating of 
cancerous tissue by means of laser radiation might lead to desired tumor necrosis, but if we apply 
the same laser parameters to retinal coagulation, it can burn the retina and result in irreversible 
blindness. The first laser was a ruby laser pumped with a xenon flash lamp [1]. Two recent laser 
developments which have become more and more important for medical research include: diode 
laser and free electron laser. The progress in laser surgery can primarily be attributed to the fast 
evolution of pulsed laser systems as it is the pulse duration which determines the effect on 
biological tissue.  
 
1.2 Literature review 
Stimulated emission is the basis of laser light generation. The phenomenal description is as 
follows. Let us consider that an atom has taken to an excited state e2 as shown below in Figure 
1.2.1. If another photon with energy (e2 – e1) causes the atomic energy level of this atom to drop 
from level e2 to e1, the resulting change in the energy will generate a second photon which will be 
in phase with and propagate in the same direction as the excitation photon. If the two original 
photons come in contact with another two additional excited atoms, it results in generation of 
another pair of photons, travelling in the same direction, and having the same phase [9]. 
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If the number of excited atoms increases, additional in-phase photons will be generated, and the 
process could continue indefinitely. To generate a significant light output, one should have a 
medium of infinite length, filled with excited atoms. But for a proper functioning system, one 
needs a laser medium of infinite length, with the addition of optics, so that the light can bounce 
back and forth through the medium, hence stimulating additional photons in each pass. 
Therefore, a typical laser device consists of an optical cavity, a laser medium, and two mirrors: 
one at each end of the cavity. The mirror which is “partially transmitting” is the source of laser 
output: about 2% to 3% of light inside the cavity is being transmitted. Lasing is achieved when 
population inversion is achieved, i.e., more than one-half of atoms in the laser medium are in the 
excited state [8, 9]. 
 
Fig. 1.2.1 Four-level energy diagram; Population inversion is achieved between levels 1 and 2. 
Laser system can be categorized as continuous wave lasers and pulsed lasers. Continuous wave 
lasers include most gas lasers and to some extent some solid-state lasers also, while pulsed lasers 
includes solid-state lasers, excimer lasers, and certain dye lasers. A list of laser used in medical 
research is given in Table 1.2.1, with two of their characteristic parameters: wavelength and 
pulse duration. The list is mainly arranged with respect to the pulse duration since the duration of 
exposure mainly characterizes the type of interaction with the biological tissues [1]. The 
wavelength is the second important laser parameter, as it will determine how deep the laser 
radiation may penetrate into tissue, i.e. how effectively it is absorbed and scattered. A third 
parameter, the applied energy density is also considered as being significant, however its value is 
required only as a necessary condition for the occurrence of a certain effect and then determines 
its extent [1]. A fourth parameter- the applied intensity- is given as the ratio of applied energy 
density to pulse duration. 
*A population inversion must exist between e2 and e1 
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Table 1.2.1 List of some medical laser systems 
Laser Type Wavelength Typical pulse duration 
Argon ion 488/514nm CW 
Krypton ion 531/568/647nm CW 
He-Ne 633nm CW 
CO2 10.6µm CW or pulsed 
Dye laser 450-900nm CW or pulsed 
Diode laser 670-900nm CW or pulsed 
Rubby 694nm 1 – 250µs 
Nd: YLF 1053nm 100ns – 250µs 
Nd: YAG 1064nm 100ns – 250µs 
Ho: YAG 2120nm 100ns – 250µs 
Er: YSGG 2780nm 100ns – 250µs 
Er: YAG 2940nm 100ns – 250µs 
Alexandrite 720-800nm 50ns - 100µs 
XeCl 308nm 20 – 300ns 
XeF 351nm 10 – 20ns 
KrF 248nm 10 – 20ns 
ArF 193nm 10 – 20ns 
Nd: YLF 1053nm 30 – 100ps 
Nd: YAG 1064nm 30 – 100ps 
Free electron laser 800-6000nm 2 – 10ps 
Ti: Sapphire 700-1000nm 10fs – 100ps 
 
We have discussed earlier in the historical review section that the first laser application was in 
ophthalmology by Zaret et al. [2]. Till now, majority of laser application pertains to this field. 
Even after the successful application of laser in dentistry by Goldman et al. [5] and Stern and 
Sognnaes [6], laser still remains a field of research. Conventional mechanical drills are still 
considered superior compared to most types of laser, specifically CW or long-pulse lasers. 
Recently Neimz et al. [10] and Pioch et al [11] have shown that laser systems capable of 
providing ultra-short pulses might be an alternative to mechanical drills. Gynecology is also one 
of the most significant disciplines for laser applications. It is mainly due to high success rate of 
about 93% - 97% in treating cervical intraepithelial neoplasia (CIN). According to Wright et al. 
[12], laser surgery is an excellent modality for treating CIN in comparison to conventional 
techniques, e.g. cryotherapy. 
Laser has also found its important application in the field of Urology. The first recanalization of 
urethral stenoses with an argon ion laser was performed by Rothauge in 1980, but he did not get 
promising results as initially expected [13]. However, Ho:YAG laser treatment reported by 
Wieland et al. [14] suggested that this technique is a considerable alternative to mechanical 
utherotomy in virgin stenoses. Laser has also found its application in the field of neuroscience, 
but it has been extensively slow compared with other medical fields, e.g. ophthalmology. 
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Heppner and Ascher (1984) and Stellar (1984), demonstrated that the main advantage of CO2 
laser is that its radiation at 10.6µm wavelength is strongly absorbed by brain tissue. So, very 
precise cut can be performed [15, 16]. Neurosurgical treatment also involves spinal surgery, and 
according to Jain, the CO2 laser has proven to be useful in treating tumors of the spinal cord [17]. 
Laser is widely used in Angioplasty and Cardiology. Angioplasty is concerned with the treatment 
of blood vessels which are narrowed by atherosclerosis [7]. The first non-surgical treatment of 
atherosclerosis was introduced by Dotter and Judkins (1964) while performing angioplasty of 
femoral arterial stenoses with the help of a specially designed dilation catheter [18]. Thermal 
effects of laser radiation are commonly used in dermatology, especially for coagulation and 
vaporization [7]. Apfelberg et al. (1978) and Apfelberg et al. (1979) investigated laser-induced 
effects on various irregularities of the skin [19, 20]. Application of argon-ion laser is most 
significant in port wine stains, as earlier methods to treat these abnormalities e.g. cryotherapy, X-
ray, or chemical treatment had failed. And the idea of removal of port wine stains with laser has 
led to the most significant progress of laser in dermatology so far [21]. 
Laser is also used in orthopedic treatment. CO2 laser can be used for bone ablation with minimal 
thermal damage to bone rim, selecting laser transition at 9.6µm, pulse duration of 1.8µs, and an 
energy density of 15 J/cm
2
 [22]. Another promising application of laser within orthopedics is 
arthroscopy. Preliminary results regarding laser meniscectomy, i.e. the treatment of the 
meniscus, was reported by Glick and Whiple using Nd: YAG and CO2 lasers, respectively [23, 
24]. Laser has also found its application in treatment of any kind of ulcer or tumor if it is 
accessible with endoscopic surgery. Ulcers and tumors tend to occupy additional space and are 
thus likely to induce severe stenoses [7]. Sander et al (1990) showed that, short and scarred 
stenoses of the lower tract are better suited for treatment than long and inflammable stenoses of 
the upper tract [25].  
Laser treatments of various tumors belonging to the lower gastrointestinal tract have been 
described by Hohenberger et al. and Kiefhaber et al. [26, 27]. The very first laser treatment in 
gastroenterology was performed in the case of a massive hemorrhage by Kiefhaber et al. [28]. 
An improved method for the laser treatment of ulcers or hemorrhages was developed by Sander 
et al., which is based on a combination of laser beam and water jet, in which the laser beam is 
guided through a water jet to the site of application [29]. 
 
1.3 Mechanism of Laser-tissue interaction 
Various kinds of interaction mechanisms may occur when laser light is applied to biological 
tissue. Since the invention of laser by Maiman [1], many studies have been conducted 
investigating potential interaction effects by using all types of laser systems and tissue targets. 
Five main types of interaction have been categorized [7], namely: 
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1. Photochemical interactions 
2. Thermal interactions 
3. Photoablation 
4. Plasma-induced ablation 
5. Photodisruption 
Before moving to more detailed analysis, an interesting result should be stated. All these 
seemingly different interaction types share a single common datum: the characteristic energy 
density ranges from approximately 1 J/cm
2
 to 1000 J/cm
2
. It is surprising, that the power density 
varies over 15 orders of magnitude [8]. A double logarithmic map with the five basic interaction 
types is shown in fig. 1.3.1 as found in several experiments. The ordinate expresses the applied 
power density or irradiance in W/cm
2
, the abscissa represents the exposure time in seconds. Two 
diagonals represent constant energy fluences at 1 J/cm
2
 and 1000 J/cm
2
, respectively [7]. 
According to the chart, time scaling can be done roughly in five sections: CW/exposure time > 1 
second for photochemical interaction, 1min down to 1 µs for thermal interactions, 1 µs down to 
1ns for photoablation, and < 1 ns for plasma-induced ablation to different energy densities [7, 8]. 
Figure 1.3.1 gives the statement that the total energy density relevant for medical laser 
application ranges from about 1 J/cm
2
 to 1000 J/cm
2
. 
Photochemical interaction: The group of photochemical interactions originates from empirical 
observations that light can induce chemical effects and reaction within macromolecules or 
tissues. Photochemical interaction plays a significant role during photodynamic therapy (PDT). 
Moreover, bio-stimulation is also attributed to photochemical interaction. Photochemical 
interaction occurs at very low power densities (typically 1 W/cm
2
) and long exposure times in 
the range of seconds to CW. Wavelength of the light is chosen to be in the visible range (e.g. 
Rhodamine dye lasers at 630 nm) because of their efficiency and their high optical penetration 
depths [7]. 
Thermal interaction: Thermal interaction represents a large group of interaction types, where 
the increase in local temperature is the significant parameters change. Thermal effects can be 
induced by either CW or pulsed laser radiation [7]. Photochemical processes are often governed 
by a specific reaction pathway, while thermal effects generally tend to be nonspecific according 
to Parrish and Deutsch [30]. However, depending on the duration and peak value of the tissue 
temperature achieved different effects like coagulation, vaporization, carbonization and melting 
may be distinguished. 
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Fig. 1.3.1. Map of laser-tissue interactions. The circle gives only rough estimates of the 
associated laser parameters. Adapted from Niemz [7] 
Table 1.3.1. Thermal effect of laser radiation. Adapted from Niemz [7]. 
Temperature ( °C ) Biological effect 
37 Normal 
45 Hyperthermia 
50 Reduction in enzyme activity, cell immobility 
60 Denaturation of proteins and collagen, 
coagulation 
80 Permeabilization of membranes 
100 Vaporization, thermal decomposition (ablation) 
>100 Carbonization 
>300 Melting 
 
The coincidence of several thermal processes is illustrated in Fig. 1.3.2. The location and spatial 
extent of each thermal effect depend on the locally achieved temperature during and after laser 
exposure. 
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Photoablation: Photoablation is a process by which a tissue is very precisely etched, i.e. 
removal of tissue is performed in a very clean and exact fashion without any appearance of 
thermal damage such as coagulation or vaporization. Photoablation was first discovered by 
Srinivasan and Mayne-Bnaton; they identified it as ablative photodecomposition, meaning that 
material is decomposed when exposed to high intense laser irradiation. Applications of 
photoablation include refractive corneal surgery [31]. 
Plasma-Induced Ablation: This method can give very clean and well-defined removal of tissue 
without evidence of thermal or mechanical damage when choosing appropriate laser parameters. 
Sometimes, plasma-induced ablation is also termed as plasma-mediated ablation. It was recently 
investigated by Niemz et al. (1991) that both synonyms express a generally well accepted 
interpretation that this kind of ablation is primarily caused by plasma ionization itself [32]. 
Applications of plasma-induced ablation includes: refractive corneal surgery, caries therapy [7]. 
Photodisruption: Photodisruption has become a well-established tool of minimally invasive 
surgery (MIS), since it was introduced by Krasnov [33] and then further investigated by Aron-
Rosa et al. [34] and Fankhauser et al. [35]. Two of the most important applications of 
photodisruptive interaction are posterior capsulotomy of the lens – frequently being necessary 
after cataract surgery – and laser-induced lithotripsy of urinary calculi [7]. 
1.4 Factors affecting Laser-tissue interaction 
Reflection and refraction: Reflection is the term used for the returned electromagnetic radiation 
from the surface upon which it irradiates. Mostly, reflecting surface is the physical boundary 
between two materials having different indices of refraction such as air and tissue. Law of 
reflection needs the wave normal of the incident and reflected beams and the normal of the 
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reflecting surface to lie within one plane, termed as plane of incidence [7]. It also describes that 
the reflection angle θ’ equals to the angle of incidence θ as shown in Figure 1.4.1. 
 
 
 
Refraction usually occurs when the reflecting surface separates two media of different indices of 
reflection. It originates from a change in speed of the light wave. A mathematical relation for 
refraction was given by Snell’s, also called Snell’s law, and is given by: 
    
     
 
 
  
 
Where θ” is the angle of refraction, and   and    are the speeds of light in the media before and 
after the reflecting surface, respectively [7]. 
Absorption 
Absorption of a medium is defined as the ratio of absorbed intensity of light to the incident 
intensity of light. In absorption reduction in the intensity of incident electromagnetic wave 
occurs. Various factors govern the medium ability to absorb electromagnetic radiation, mainly 
the electronic constitution of its atoms and molecules, the wavelength of radiation, the thickness 
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of the absorbing layer, and internal parameters such as the temperature or concentration of 
absorption, respectively. They are generally termed as Lambert’s law and Beer’s law, and are 
given as: 
 ( )      
    
   ( )      
     
 
Where z is optical axis, I(z) is intensity at distance z, I0 irradiate density, α is absorption 
coefficient of the medium, c is concentration of absorbing agents and k’ depends on internal 
parameters other than concentration. 
Since both laws describe the same behavior of absorption, they are also called Beer-Lambert law. 
   
 
 
   
  
 ( )
 
The inverse of the absorption coefficient α is also known as the absorption length L. 
   
 
 
 
In case of biological tissues, the main reason of absorption is either water molecules or 
macromolecules such as proteins and pigments. Absorption in IR region is mainly governed by 
water molecules, proteins as well as pigments mainly absorb in the UV and visible range of the 
spectrum, and according to Boulnois [8] protein have an absorption peak at approximately 280 
nm. 
Scattering  
The exposure of charged particles to electromagnetic waves causes the particles to be set into 
motion by the electric field. A match or mismatch between the frequency of the wave and the 
vibrational frequency of free particles would result in Resonance or Scattering respectively.  
Photon density, N0(r) 
N(r) is defined as the total photon numbers per unit volume at point r. The photon density i.e. 
photon/cm
3
 at r is given by: 
  ( )     ∫  ( )
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The total photon fluence rate Φ [W/m2] carried by N0(r) is given by: 
 ( )     ( )      
Where φ is fluence rate, ct is speed of light in tissue, h is Plank’s constant and v is frequency. 
Fluence rate 
Photon absorption is important for clinical medicine. Since chromophore anywhere inside the 
tissue can absorb photons irrespective of the direction of propagation, the integral of the radiance 
over all directions, called fluence rate, Φ [W/m2]. 
  ( )   ∫  (   ̂)
  
 
   
Where  (   ̂) is radiance. 
Radiance  
Radiance  (   ̂) is the term explained the propagation of photon energy. Radiance can be 
defined as: “at appoint of a surface and in given direction, the radiant intensity of an element of 
the surface, divided by the area of the orthogonal projection of this element on a plane 
perpendicular to the given direction”. 
 (    )   (   ̂)      
 
Net Flux Vector F(r) 
Flux is defined as flow of photon energy per unit area. The net flux vector F(r) is the vector sum 
of elemental flux vectors L(r, ŝ) ŝ dω, 
 ( )  ∫  (   ̂)
  
 
   
 
Thermal diffusion 
As laser light is absorbed by the tissue it transformed into heat. There are three different 
mechanisms by which thermal diffusion occurs, namely: heat conduction, heat dissipation and 
ability to store heat. Heat conduction refers to the heat flow from the warmer regions to the 
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cooler. The heat flux is directly proportional to the temperature difference per unit length. The 
proportional constant is called the heat conductivity (W/m K). The ability to store heat is 
explained by the specific heat capacity (J/kg K), which is the ratio of the amount of heat stored to 
the temperature rise and unit mass of the substance. The dynamic thermal behavior of a medium 
is characterized by the ratio of the thermal conduction properties to the heat storage abilities, 
called thermal diffusivity (m
2
/s).  
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2.1 Model description 
The problem at hand is a semi-infinite tissue as shown in Figure 2.1.1 that has to be undergone 
laser-tissue interaction. We are applying the laser to the desired area by means of optical fibers. 
Since we have to calculate the heat distribution in tissue, the problem is a complex one in three 
dimensional domain.  
 
Fig. 2.1.1 Schematic diagram of semi-infinite tissue 
To simplify this we use an axisymmetric approach and define the tissue in the axial and the 
radial directions as shown in Figure 2.1.2. The laser light is proposed to irradiate on the tissue 
from the bottom at a distance z from the surface with the help of fiber optics. 
The various assumptions considered for our model are: 
1. The tissue exhibits axisymmetry about z-axis. 
2. The various physical variables such as absorptive coefficient, scattering coefficient, and 
refractive index of tissue were kept constant for all experiments. 
3. Collimated laser light is used. 
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                               Fig. 2.1.2 2-D model with boundary condition 
 
The various boundary conditions used in the numerical solution are: 
a) Convective heat transfer occurs at the air tissue interface z = 0; 0 ≤ r ≤ 3 cm, which cools 
the tissue from the surface. 
b) z = 3 cm; 0 ≤ r ≤ 3 cm,  
  
  
   
c) r = 3cm; 0 ≤ z ≤ 3 cm, T = 37 °C 
 
2.2 Monte-Carlo Simulation and model for heat distribution 
Biological tissue can be considered as an isotropic homogeneous medium. Assuming that a 
photon enters the tissue, the Monte Carlo method will sample random propagation variables from 
a well-defined probability distribution. The assumption we take here is that photons propagating 
through tissue can be termed as neutral particles and that wave phenomena can be disregarded. 
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The probability p(s) that an event (scattering or absorption) occurs after traveling a distance of s 
cm is given by: 
   ( )            (2.1) 
     
Where µ is the interaction coefficient and equals to µ = µa + µs 
Integrating p(s) gives the probability that event has occurred before the photon has travelled the 
distance st. 
     (        )       
       (2.2) 
Taken a random variable, ξ, uniformly distributed over the interval [0, 1], assuming that there 
exists a non-decreasing function r = f (ξ) which maps ξ to r. 
     ( ( )        )   (          ) (2.3) 
     (        )   (          )  (2.4) 
Comparing equations (2.3) and (2.4) with (2.2) and remembering that ξ has a uniform 
distribution, it can be concluded that 
                     (2.5) 
This leads to 
          
 
 
   (    )   (2.6) 
The randomly simulated distance s1 is the photon step size between photon-tissue interactions. 
Equation (2.6) gives the mean free path between photon-tissue interactions as to be expected.  
    〈  〉    
 
 
 〈  (    )〉    
 
 
   (2.7) 
Photon Absorption: 
After traveling the step size s1, the photon weight is decreased by a factor of (µa/ µ), considering 
the absorption. The remaining photon weight is 
       (  
  
 
 )    (2.8) 
This fraction is now scattered. 
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Photon Scattering: 
The condition for scattering event to stimulate is, deflection angle (θ) should be ϵ [0, π) and an 
azimuthal angle (ψ) should be ϵ [0, 2π). This probability function for the cosine of the deflection 
angle, cosθ, is given as: 
             
    
 (           )   
   (2.9) 
Where, g is anisotropy coefficient. 
Photon Termination: 
If the photon is transmitted or reflected out of the medium, then the photon tracing is terminated. 
The random variable ξ decides whether the photon tracing should terminate or not. If ξ > 1/10, 
the photon weight is reduced to zero and hence the photon is terminated, and if ξ <= 1/10, the 
photon weight is multiplied by 10, and the photon tracing continues since the weight now 
exceeds the threshold value. 
Model for heat distribution: 
According to the Fourier’s law, the heat flow q at a given point is proportional to the gradient of 
the temperature 
                 (2.10) 
Where, λ is the thermal conductivity. 
Consider a volume V in a tissue. An energy balance gives 
{Net energy flowing into the vol} + 
{Energy production within V} = {energy storage in V}    (2.11) 
 
Or, in mathematical terms: 
                                              (   )        
  (   )
  
     (2.12)   
 
Where,  
 
  (   )        , here, µa is absorption coefficient, Φ is fluence rate and P is laser 
power. 
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3.1 Fluence rate 
In the designed model, the physical parameters that were kept constant are refractive index of air 
(n1), refractive index of tissue (n2), absorption coefficient of tissue (µa) and scattering coefficient 
of tissue (µs) having values 1, 1.4, 1 cm
-1
 and 100 cm
-1
, respectively. The anisotropy coefficient 
(g) was taken as a variable parameter, with the values 0.7 and 0.9. Two distances within the 
tissue are considered after which laser light is irradiate so as to interact with the tissue. These are 
z = 0.025cm and z = 0.05cm. 
The laser-tissue interaction is studied in terms of variation in fluence rate with different 
anisotropy coefficients and the point of initiation of laser tissue interaction. The fluence rate is 
presented in Figures (3.1.1) – (3.1.4). 
 
Fig 3.1.1: Fluence Rate for g = 0.7 and z = 0.05cm  
Figure 3.1.1 shows that, at value g = 0.7 and z = 0.05cm, the contours define a more circular 
profile, which depicts that there is an even diffusion of laser within the tissue in a uniformly 
distributed manner, and less amount of laser passes through the tissue without being diffused. 
Also, the photons with fluence rate less than 30cm
-2
sec
-1
 are the ones that escape at the surface, 
and the number of photons having fluence rate more than 1000 are much less in population and 
are mainly at the point of irradiance of photons and maximum fluence rate is found to be equal to 
37829.2 cm
-2
sec
-1
. 
20 
 
 
Fig. 3.1.2: Fluence Rate for g = 0.7 and z = 0.025cm 
For the same anisotropic coefficient, as the depth decreases from z = 0.05cm to z = 0.025cm 
contours having values up to 70 cm
-2
sec
-1
 are at the interface. Hence, more number of photons is 
escaping from the surface in Figure 3.1.2 as compared to Figure 3.1.1. It also follows the same 
circular profile as in Figure 3.1.1. But here more photons are escaping through the interface 
resulting in decrease of fluence rate, having maximum value of 36848.3 cm
-2
sec
-1
. 
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Fig. 3.1.3: Fluence Rate for g = 0.9 and z = 0.05cm 
 
 
Keeping the depth inside the tissue same as that of in Figure 3.1.1, as we increase the anisotropic 
coefficient, contours define a less circular profile, depicting lesser diffusion of laser within the 
tissue in a more randomized fashion. In Figure 3.1.3 it is clear that region having fluence rate 
less than 20 cm
-1
sec
-1
 are at the air-tissue interface because of lesser number of photons escaping 
through the interface. Significant decrease in maximum fluence rate is found for this case having 
maximum value of 36582.7 cm
-2
sec
-1
 as compared to the case of g = 0.7 and z = 0.05cm. 
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Fig. 3.1.4: Fluence Rate for g = 0.9 and z = 0.025cm 
 
The value of fluence rate at the interface of air-tissue is even less than 20 cm
-1
sec
-1
 in Figure 
3.1.4 as compared to Figure 3.1.2. Hence less number of photons will be escaping from the 
interface as compared to the case of g = 0.7 and z = 0.025 cm. The diffusion profile is similar to 
that of Figure 3.1.3. Although diffusion profile is same but as depth decreased, slight decrease in 
fluence rate is also observed having maximum value of 36412.6 cm
-2
sec
-1
. 
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3.2 Temperature distribution: 
Based on the fluence rate obtained using Monte-Carlo simulation the temperature distribution 
has been found using equation (2.12) with the appropriate boundary condition defined earlier. 
For this analysis, a laser of power 0.3W was used. The temperature distribution pattern was 
obtained as follows: 
 
Fig. 3.2.1: Temperature distribution for g = 0.7 and z = 0.05cm 
Figure 3.2.1 suggest that for g = 0.7 and z = 0.05cm, the tissue temperature varies from region 
less than 40 ºC to the Tmax. The maximum tissue temperature observed is 92.97ºC at the point of 
irradiation of laser on the tissue. It suggests that the effect of fluence rate is not high here, i.e. 
less transportation of heat is observed and more heat is accumulated at the site of irradiance. The 
temperature distribution profile is somewhat circular as it can be observed near the point of 
irradiation of laser-light inside the tissue. 
24 
 
 
Fig. 3.2.2: Temperature distribution for g = 0.7 and z = 0.025cm 
Keeping anisotropic coefficient same and decreasing the distance of irradiance from the interface 
Tmax is found to decrease from 92.97 ºC to 91.47 ºC as shown in Figure 3.2.2. This is quite 
obvious because fluence rate has been decreased for this case as compared to the case of z = 
0.05cm. However, the temperature distribution profile is similar to the case of g = 0.7 and z = 
0.05 cm. 
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Fig. 3.2.3: Temperature distribution for g = 0.9 and z = 0.05cm 
 
The tissue temperature varies from the region less than 40ºC to the Tmax, and the maximum tissue 
temperature observed is 73.72ºC at the point of irradiation of laser on the tissue. Comparing with 
Figure 3.2.1 the temperature distribution profile is also random, reason being decrease in fluence 
rate. 
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Fig. 3.2.4: Heat distribution for g = 0.9 and z = 0.025cm 
Fluence rate distribution for g = 0.9 and z = 0.025 suggest that it should have low Tmax than for g 
= 0.9 and z = 0.05 cm. But it doesn’t occur. Although having similar temperature distribution 
profile, instead of decreasing, it increases from 73.72 ºC to 74.53 ºC. As, fluence rate distribution 
is more random here, hence convective heat loss plays more dominant role here.  
3.3 Discussion: 
The laser is incident on tissue at some distance z from the surface, by means of fiber optics. 
Since laser-tissue interaction not occurs at the surface hence, specular reflectance of the system 
must be zero. If we look at Figure 3.1.1 and Figure 3.1.2, it is clear that as the distance of laser-
tissue interaction increases less number of photons are escaped from surface, and this is well 
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supported by Table 3.1, i.e. escaped photon weight for z = 0.05cm is less than for z = 0.025cm. 
Again, for g = 0.9, from Figure 3.1.3 and Figure 3.1.4 it is clear that number of escaped photons 
in these two cases are less than of that in Figure 3.1.1 and Figure 3.1.2. And here also, as z 
increases number of escaped photons decreases, which is well supported by Table 3.1. 
Table 3.3.1 Photon weight distribution  
Parameters Specular reflectance Escaped photon 
weight 
Absorbed photon 
weight 
g=0.7, z=0.05 0 0.3550952 0.644904745 
g=0.7, z=0.025 0 0.450476843 0.54952312 
g=0.9, z=0.05 0 0.288681042 0.711319005 
g=0.9, z=0.025 0 0.332879421 0.667120548 
 
These results suggest that as the number of escaped photons is less, the number of photons 
absorbed is high for the case of g = 0.9 than g = 0.7. This increase is also consistent with the 
increase in the value of z. It should be noted that if the number of absorbed photon is high then 
temperature should be higher. Owing to this fact, maximum temperature increased from 91.47 ºC 
to 92.97 ºC when z increased from 0.025cm to 0.05cm respectively for g = 0.7. But this is not 
true for g = 0.9 and maximum temperature is decreasing here as shown in Table 3.3.2. This is  
Table 3.3.2 Maximum temperature and Maximum fluence rate 
P(W) g Z(cm) Tmax(°C) Φmax(cm
-2
sec
-1
) 
0.3 0.9 0.025 74.53 36412.6 
0.3 0.9 0.05 73.72 36582.7 
0.3 0.7 0.025 91.47 36848.3 
0.3 0.7 0.05 92.97 37829.2 
 
happening because change in fluence rate is not significant for this case as noticed in Table 3.3.2. 
Also, the convective heat transfer loss from the interface plays an important role for this case. 
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Conclusion: 
Owing to the potential use of laser in various medical applications including Minimally Invasive 
Surgeries (MIS), orthopedic treatments, etc., the mechanism of laser-tissue interaction has been 
studied for varying optical parameters of the tissue. A model is developed for a semi-infinite 
tissue for the analysis of fluence rate and temperature distributions inside the tissue. Absorption 
coefficient, scattering coefficient and refractive index of the tissue were kept constant while the 
anisotropy coefficient was varied. By using the Monte-Carlo simulation technique, a pattern is 
obtained which gives us an idea about the photon and temperature distributions within the tissue. 
And results suggest that for lower anisotropy, as the depth within the tissue increases, the 
temperature also increases. However, this is not true for higher values of anisotropy, the reason 
being that for higher anisotropy, the fluence rate change is not that much significant and the 
convective heat loss probably plays a more dominant role. Thus, depending on the type of tissue 
to be irradiated, the depth and optical parameters can be manipulated so as to achieve the desired 
laser-tissue interaction with high precision. 
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